Four membrane bioreactors (MBRs) with the same dimensions were studied for 180 days: three hybrid growth membrane bioreactors with biofilm attached in different packing media and a conventional MBR (C-MBR). The four MBRs had an identical membrane module of hollow fiber with a nominal porous diameter of 0.4 μm. The MBRs were: (1) a C-MBR; (2) a moving bed membrane bioreactor (MB-MBR), which was packed with 2 L of carrier Kaldnes-K1, presenting an exposed surface area of 678.90 m 2 /m 3 ; (3) a non-submerged organic fixed bed (OFB-MBR) packed with 6.5 L of organic packing media composed of a mixture of cylindrical pieces of wood, providing an exposed surface area of 178.05 m 2 /m 3 ; and (4) an inorganic fixed bed non-submerged membrane bioreactor (IFB-MBR) packed with 6 L of spherical volcanic pumice stone with an exposed surface area of 526.80 m 2 /m 3 . The four MBRs were fed at low organic loading (0.51 ± 0.19 kgCOD/m 3 d). The results were recorded according to the behavior of the total resistance, transmembrane pressure (TMP), permeability, and removal percentages of the nutrients during the experimental time. The results showed that the MB-MBR presented the better performance on membrane filtration, while the higher nutrient removals were detected in the OFB-MBR and IFB-MBR.
INTRODUCTION
Increasing demand for submerged membrane bioreactors (MBRs) for the treatment and reclamation of wastewater serves as motivation for generating alternative treatments in this area. Nowadays, wastewater treatment with MBRs has been expanded to municipal installations, and in the last decade, many MBRs have been built all over the world (Fenu et al. ) . New applications of MBRs to reduce energy costs in anaerobic systems for domestic wastewater (Gao et al. ) and in second generation biofuel production have been developed (Piemonte & Di Paola ) . However, fouling phenomena related to physical, chemical and biological mechanisms are an inevitable consequence of filtration through membranes (Le-Clech et al. ) .
In recent years, MBR fouling has been widely studied, focusing on different fouling causes such as the characteristics of biomass, operating conditions (Gao et Some studies of HG-MBR have compared a moving bed membrane bioreactor (M-MBBR) with a conventional MBR (C-MBR) submerging the membrane in additional units, and finding more severe fouling phenomena in the M-MBBR (Yang et al. ) . However, when a moving bed is used in the same tank, less fouling due to the shearing force of the packing media in the membrane has been reported (Lee et al. ) . Recently, some authors have demonstrated that a fixed bed-MBR represents a better alternative than an M-MBBR and C-MBR with respect to fouling rates and quality of effluent (Rafiei et al. ; Rodríguez-Hernández et al. ) . Moreover, the implementation of the biofilm process submerged in the MBR has been related with the deposition of soluble microbial products (SMP) and extracellular polymeric substances (EPS) in the porous membrane (Khan et al. ) .
Relative to the hybrid growth of microorganisms is the use of a fixed or moving bed to retain biomass, obtain high levels of nutrient removals, and improve conditions for better filtration performance (Ngo et al. ) . The use of the commercial packing media Kaldnes-K1 in moving bed bioreactors has been widely studied and high removal efficiencies for total nitrogen and organic matter have been reported (Ivanovic & Leiknes ) . In fixed bed bioreactors, pumice stone has been used with positive results in organic matter removal under variable organic loading (Borghei et al. ) . Pumice stone has presented better performance in wastewater treatment than other packing media such as gravel, polypropylene saddles and ceramic saddles (Narra et al. ) . Organic packing media have been applied in the wastewater treatment of recalcitrant compounds with high removal efficiencies (Palma et al. ) .
Although HG-MBR have been previously researched, this technology requires more investigation to create new designs and find the major fouling factors related to the characteristics of the packing media, reactor configuration, aeration rate and operating conditions of the membrane in order to establish a competitive proposal in the area of HG-MBR applied in wastewater treatment.
The objective of this research was to study three HG-MBR with biofilm attached in three different packing media and a C-MBR, with an identical membrane module in each reactor. This study considers the membrane filtration performance, the suspended biomass fraction and the removal efficiencies of macronutrients present in domestic wastewater.
MATERIALS AND METHODS

Experimental units
Four reactors were operating at the same time during the experiment. The first was a C-MBR without packing media; the second reactor had a moving bed along the reactor (MB-MBR). The MB-MBR was a conventional suspended biomass reactor, which was packed with 2,070 units (2 L) of a carrier, Kaldnes-K1 (Veolia Water Sol. & Tech., St Maurice, France), with an approximate exposed surface area of 1.34 m 2 (678.90 m 2 /m 3 ). The third reactor had an organic fixed bed (OFB-MBR) and the fourth an inorganic fixed bed (IFB-MBR). Both fixed beds were supported by mesh. The wastewater descended through the fixed bed to the zone where the membrane module was located. The OFB-MBR was packed with 6.5 L of organic packing media composed of a mixture of cylindrical wood pieces, each with a 13.54 cm 2 average surface area; the approximate total exposed surface area in the reactor was 1.07 m 2 (178.05 m 2 /m 3 ). The species of trees used to make the wood pieces were Acacia farnesiana and Schinus molle. The IFB-MBR was packed with 6 L of spherical volcanic pumice stone; the exposed surface area in the reactor was 3.16 m 2 (526.8 m 2 /m 3 ). The general configuration of the experimental units can be seen in Figure 1 .
An identical hollow fiber membrane module for microfiltration (MF, Micronet-R Porous Fibers S.L., Vizcaya, Spain) was submerged in each bioreactor. The main characteristics of the membrane module are shown in Table 1 . 
Synthetic wastewater
The synthetic wastewater was prepared using dextrose (2,462 mg/L), NH 4 Cl (99 mg/L), and KH 2 PO 4 (161 mg/L) as the main nutrients, while MgSO 4 .7H 2 O (57.2 mg/L), CaCl 2 .2H 2 O (240 mg/L), MnCl 2 .4H 2 O (0.23 mg/L), H 3 BO 3 (0.38 mg/L), ZnCl 2 (0.13 mg/L), (NH 4 ) 6 Mo 7 O 24 (0.23 mg/L), C 10 H 16 N 2 O 8 (0.37 mg/L), FeCl 3 .6H 2 O (0.36 mg/L) and NaCl (92.4 mg/L) were used as trace nutrients. The main characteristics detected in the raw wastewater feed are shown in Table 2 .
Operating conditions
The inoculation was carried out with sludge present in the ditch for the municipal wastewater treatment of Guanajuato City, Mexico. The stabilization of the biomass on the packing media took place for a period of 190 days. During this time, the reactors were operated like conventional systems, with the C-MBR operating for the same amount of time as a sequential batch reactor, all of them treating the same synthetic wastewater. After this period, the MF membrane modules were introduced inside the reactors. The experiment took place for 180 days continuously and the sludge retention time (SRT) was also 180 days. Other authors have reported that lower membrane fouling rates in membrane have been detected at higher SRT due to the flocculation improving and reducing fragments of flocs (Van den Broeck et al. ). The reactors were operated at nearly constant permeate flux with two cycles of membrane operation. The first cycle was applied from 0 to 60 operating days and it consisted of 5 min permeating, 10 s membrane relaxing, and 18 s backwashing. The second cycle was applied from 61 to 180 operating days with 10 min permeating, 10 s membrane relaxing, and 12 s backwashing. Recovery chemical cleaning was not applied to membrane modules during the experiment. The operating conditions used in the four MBRs can be seen in Table 3 .
Analytical methods
Analysis of total suspended solids (MLTSS), volatile suspended solids, and fixed suspended solids in the mixed liquor were made according to Standard Methods (APHA ). Total and soluble chemical oxygen demand (COD), 
RESULTS AND DISCUSSION
Flux
Although the four systems began with similar values of flux, the MB-MBR showed lower flux loss throughout the experiment, and this can be seen in Figure 2 . It was found that during the first 60 days of operation, reactors C-MBR and OFB-MBR showed a similar decrease in the amount of permeate flux, while the MB-MBR and IFB-MBR exhibited a different behavior. Loss in flux is related to the blockage of the membrane, which depends on many factors, including the concentration of MLTSS that is in contact with the membrane. It means that, possibly, the C-MBR and OFB-MBR stayed in contact with similar suspended material due to the fact that either both reactors behaved similarly or soluble organic, such as carbohydrates and proteins present in the EPS, material allowed development of a biofilm on the surface of the membrane (Meng et al. ; Khan et al. ) . At the end of the experiment, the systems that had a higher flux were the MB-MBR (17.11 ± 0.69 L/m 2 h) and the OFB-MBR (17.73 ± 1.87 L/m 2 h), while a smaller flux was present in the C-MBR (12.47 ± 1.95 L/m 2 h) and the IFB-MBR (13.25 ± 1.27 L/m 2 h).
Transmembrane pressure
The pressure behavior relating to MLTSS in the four reactors operated can be seen in Figure 3 . Owing to the fact that there was no sludge disposal, the MLTSS in the four reactors increased during the experimental time. Therefore, the presence of slowly biodegradable and mineralized material from decaying biomass inside the reactor must be considered in increasing transmembrane pressure (TMP). Hence, it can be noted that higher TMP was present at the end of the experiment in the C-MBR (0.54 ± 0.14 bar) and the IFB-MBR (0.53 ± 0.20 bar), which presented different concentrations of MLTSS. The IFB-MBR showed a maximum concentration of 0.62 g/L MLTSS, while for the C-MBR it was 5.98 ± 1.86 g/L. Thus, possibly the nature of the MLTSS concentration in contact with the membrane is different. The high TMP presented in the IFB-MBR reflected a severe blockage of the membrane. It has been reported that biofilms that develop on volcanic pumice stone and zeolite retain less protein and these may be embedded directly into the porous membrane (Tarjányi-Szikora et al. ). 
Permeability
In the analysis of permeability in the four reactors, it is necessary to consider that the C-MBR and MB-MBR had a higher static pressure than the fixed bed-MBR. this was due to the fact that it required more pressure to extract a similar flux to MB-MBR. In Figure 4 , it can be seen that at the end of the experiment, the OFB-MBR (52.50 ± 2.35 L/m 2 h bar) presented a higher permeability than the C-MBR (30.75 ± 3.05 L/m 2 h bar), indicating that the low static pressure in fixed bed reactors affected the IFB-MBR more significantly.
Fouling behavior in the four MBRs
During the first 60 days, OFB-MBR and IFB-MBR displayed an unstable behavior in R T , which can be seen in Figure 5 . The low concentrations of MLTSS resulted in easy blocking of membrane pores. It has been reported that membrane filtration forms a dynamic layer biomass, which prevents direct incrustation into the pores ( by the organic packing media in wastewater treatment (Palma et al. ) . The R T in the OFB-MBR was 7.60 × 10 12 m À1 at the end of the experiment.
In the case of the C-MBR, after the first 60 days, there was an increase in the R T of the membrane to achieve a value of 1.16 × 10 13 m À1 . This increase coincided with an increased sludge volume index, which reached values of up to 181.64 mL/g MLTSS. This indicates that the rheological characteristics of the biomass and the presence of high concentrations of EPS and SMP are directly related to the fouling of the membrane (Meng et al. ; Yang et al. ) . The MB-MBR had the lowest R T of the membrane, resulting in a value of 4.97 × 10 12 m À1 at the end of the experiment, and was the reactor with less variation of fouling behavior. The main advantage presented by MB-MBR was that the moving bed was in direct contact with the membrane. Some authors have reported that collisions between the carriers and the membrane help mitigate biofilm formation on the outer membrane; consequently, the fouling is slowed down (Lee et al. ; Ivanovic & Leiknes ; Yang et al. ) . In general, the end values of R T for these experimental units were below that of the 5.14 × 10 13 m À1 reported using fixed and moving bed-MBR and the same total resistance model (Rafiei et al. ) . However, only the MB-MBR in this experiment presented a lower rate of increasing R T with respect to the hybrid growth MBR of Yang et al. () , which exhibited a rate of 0.07 × 10 12 m À1 per day while the MB-MBR in this work exhibited a rate of 0.017 × 10 12 m À1 per day during 180 operating days.
Evaluation of COD, nitrogen, and phosphorus removal
After the biomass stabilization period of 190 days in the four reactors, a remarkable increase in the quality of treated wastewater was detected due to membrane introduction in the reactors. The different constituents of the wastewater in the four reactors presented a better removal, detecting soluble compounds in the permeate only due to the pore diameter (0.4 μm). The microfiltration and the long period of stabilization of the biological process for macronutrient removal permitted the concentration of the constituents of wastewater in the permeate to remain stable.
The average concentration detection for COD in the permeate of the four reactors was between 13 and 14.5 mg/L, and represented a removal of up to 99.5% for all reactors. These high removals of organic matter were expected in domestic wastewater treatment with biofilm and membrane technology, due to the benefits that biofilm and suspended biomass have to develop different heterotrophic microorganisms capable of assimilating readily and slowly biodegradable substrates. A system that combined conditions with attached growth biomass and submerged membrane reported by Jungmin et al. () , also achieved high removal percentages of around 99% in terms of COD, operating with a volumetric organic loading of 0.75 kgCOD/m 3 d, similar to this work.
The nitrogen removal presented high percentages in the four systems. This is characteristic of the biofilm reactors used for nitrogen removal. In the biofilm reactors, there is a wide variety of microorganisms that grow in the different zones of the biofilm. Superficial layers above the biofilm develop the nitrification process while deeper layers of the biofilm are capable of carrying out the denitrification process (Tarjányi-Szikora et al. ). The fixed bed-MBR presented better nitrogen removal than MB-MBR and C-MBR. Borghei et al. () reported that micropores in the wood used, like the packing media and pumice stone, helped to develop denitrifying biomass, which complements nitrogen removal. In the case of the C-MBR, which did not present biofilm, it showed a higher performance in the nitrogen removal than MB-MBR. This was attributed to the accumulation of biomass settled at the bottom of the reactor, which, due to the prolonged SRT, exhibited better conditions for developing a denitrifying microorganism than the biofilm in the MB-MBR. Other systems applying polyurethane foam as a moving bed in MBR achieved removal of 89% (Jamal et al. ); however, for this reactor configuration, the pumice stone and pieces of wood were the best packing media.
For orthophosphate removal, a better performance was detected in OFB-MBR (34.9%) and IFB-MBR (36.7%). The biological removal of phosphorus in fixed bed-MBR may be attributable to the presence of phosphorus-accumulating organisms (bacteria-PAO) in the biofilm layers (Ivanovic & Leiknes ) , and also for the assimilation in the biomass growth (Jamal et al. ) . However, in the four MBRs, it is possible that the phosphorus could have accumulated inside the reactor as struvite crystals due to wastewater composition and due to non-anoxic conditions (Barat et al. ) . Little information has been reported about the removal of phosphorus by HG-MBR, but some authors have reported removals of around 58.4% using MBR with a moving bed biofilm and an SRT of 30 days (Jamal et al. ) .
In terms of macronutrient removal in domestic wastewater treatment, the four configurations provided had high percentages according to Table 4 , which were slightly better values with respect to those reported in the recent literature, with an organic matter removal of up to 90% and a range of 60-85% for TN (Rodríguez et al. ; Yang et al. ). However, one of the main results is that with the use of different packing media and configuration of the biofilm MBR, the new configuration showed a better performance in terms of membrane filtration, which was reflected in the non-chemical cleaning during the experiment compared with the reported systems. Conversely, the low phosphorus removal and the high concentration of MLTSS, which represent a problem, make it worth evaluating shorter SRTs to develop conditions for their removal and better membrane performance.
CONCLUSIONS
The best flux and permeability performance during the experimental time in the four operated MBRs was demonstrated by the MB-MBR due to factors such as the high static pressure and hydrodynamics inside the reactor, which helped it to extract more flux.
The concentration of MLTSS in contact with the membrane had no influence on the increase of TMP; it is more influenced by the characteristics of suspended solids and the hydrodynamics inside the four experimental MBRs.
The four MBRs provided COD removal of up to 99%; the fixed bed-MBRs were the best with respect to nitrogen removal due to their biofilm characteristics.
The best membrane filtration performance and macronutrient removal efficiencies were achieved in the MB-MBR followed by the OFB-MBR. The combination of suspended and attached biomass in the MB-MBR and slow growth of the biomass fraction suspended in the OFB-MBR was the main influence in their performance for wastewater treatment.
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